Biogenesis of canonical microRNAs (miRNAs) involves multiple steps: nuclear processing of primary miRNA (pri-miRNA) by DROSHA, nuclear export of precursor miRNA (pre-miRNA) by Exportin 5 (XPO5), and cytoplasmic processing of pre-miRNA by DICER. To gain a deeper understanding of the contribution of each of these maturation steps, we deleted DROSHA, XPO5, and DICER in the same human cell line, and analyzed their effects on miRNA biogenesis. Canonical miRNA production was completely abolished in DROSHA-deleted cells, whereas we detected a few DROSHA-independent miRNAs including three previously unidentified noncanonical miRNAs (miR-7706, miR-3615, and miR-1254). In contrast to DROSHA knockout, many canonical miRNAs were still detected without DICER albeit at markedly reduced levels. In the absence of DICER, pre-miRNAs are loaded directly onto AGO and trimmed at the 3′ end, yielding miRNAs from the 5′ strand (5p miRNAs). Interestingly, in XPO5 knockout cells, most miRNAs are affected only modestly, suggesting that XPO5 is necessary but not critical for miRNA maturation. Our study demonstrates an essential role of DROSHA and an important contribution of DICER in the canonical miRNA pathway, and reveals that the function of XPO5 can be complemented by alternative mechanisms. Thus, this study allows us to understand differential contributions of key biogenesis factors, and provides with valuable resources for miRNA research.
small nucleolar RNA, ACA45, in a DICER-dependent but DROSHAindependent manner (20) . Moreover, endogenous siRNAs (endosiRNAs) that do not require DROSHA but depend on DICER were identified in somatic tissues (21) . Another group called "5′ capped pre-miRNAs" including miR-320 and miR-484 was recently identified (22) . The pre-miRNA contains a 7-methylguanosine cap because its 5′ end is generated directly from transcription. The 3′ end of 5′ capped miRNA is thought to be determined by transcriptional termination.
As for DICER-independent maturation, miR-451 is the only known example that can be produced without DICER (23) (24) (25) . Because of its short length, pre-miR-451 is not cleaved by DICER, and, instead, is directly incorporated into AGO2. Pre-miR-451 is cleaved by AGO2 in the middle of the 3′ strand, and further trimmed by 3′-5′ exoribonuclease PARN to produce the mature form of miR-451 (26) .
The nuclear export step is mediated by XPO5, but it has not been investigated as intensively as the other maturation steps. A recent study showed that the miR-320 family requires Exportin 1 (XPO1) instead of XPO5, because these pre-miRNAs have a cap (which is recognized by XPO1 via an adapter molecule PHAX) instead of the typical 5′ monophosphate (22) . It remains unknown what fraction of miRNAs are dependent on (or independent of) XPO5 because earlier studies on XPO5 examined individual miRNAs without taking a transcriptomic approach. Moreover, knockout of XPO5 has not been generated yet. Thus, it is unknown how essential XPO5 is to miRNA biogenesis and whether there are additional alternative pathways for pre-miRNA export.
Significance
MicroRNAs (miRNAs) are noncoding RNAs with diverse roles in development and pathogenesis. Biogenesis of canonical miRNA requires nuclear processing by DROSHA, nuclear export by Exportin 5, and cytoplasmic processing by DICER. To gain a deeper understanding of the maturation processes, we here ablated the DROSHA, Exportin 5, and DICER genes using the same human cell line. Canonical miRNA production was abolished in DROSHA-deleted cells, revealing an irreplaceable role of DROSHA. Interestingly, however, some canonical miRNAs were still produced without DICER albeit at markedly reduced levels, and many were detected in Exportin 5-deleted cells at only modestly decreased levels. Our study allows us to understand differential contributions of key biogenesis factors, and provides valuable resources for miRNA research.
In this study, we use genome engineering techniques to knockout DROSHA, XPO5, and DICER in the same cell line. By analyzing and comparing the miRNA expression profiles by deep sequencing, we here investigate the essentiality of the key biogenesis factors and discover unexpected alternative mechanisms and previously unidentified noncanonical miRNAs.
Results
Ablation of DROSHA, XPO5, and DICER. To better understand the roles of miRNA maturation factors, we generated knockout cells by transfecting human HCT116 cell line with transcription activator-like effector nuclease (TALEN) or RNA-guided Cas9 endonuclease. We chose the HCT116 cell line because it is near diploid and often used for gene knockout studies. For the knockout of DROSHA and DICER, we designed guide RNAs complementary to the area near the genomic locus corresponding to the RNase IIIa domain of DROSHA and DICER (Fig. 1A) . In the case of XPO5, we engineered the TALEN to edit the genomic locus matching between the third and fourth HEAT domains of XPO5 (Fig. 1A) . After single cell cloning, the genomic DNA was analyzed by Sanger sequencing to select the clones that contain frameshift mutations in all alleles. We obtained one clone for DROSHA, two clones for XPO5, and two clones for DICER (Fig. 1B) 
B Targeted sequences are not produced in the knockout lines (Fig. 1C and Fig. S1 ). For XPO5, we used two different antibodies, one targeting the N-terminal part ( Fig. 1C and Fig. S1B ) and another detecting the C-terminal part of XPO5 (Fig. S1C) , both of which verified the ablation of XPO5 expression. Biogenesis factors other than the targeted ones were not reduced in the knockout cells. Note that in DROSHA knockout cells the level of DGCR8 increases as expected from the known activity of DROSHA targeting DGCR8 mRNA (27) . DICER was increased in DROSHA and XPO5 knockout cells (Fig. S1E) . This result was expected given that DICER is subject to feedback control by miRNAs including let-7 (28, 29) . The knockout cells displayed lower growth rates compared with the parental cells, indicating impaired cell proliferation presumably due to a deficit in miRNA biogenesis (Fig. 1D) .
Different Impacts of the Maturation Factors. To investigate miRNA population, we fractionated small RNAs (17-30 nt) and analyzed them by high-throughput sequencing. As expected, the proportion of miRNA reads relative to total reads in the library was markedly decreased in the knockout cells compared with the parental cells ( Fig. 2A) . However, the degree of reduction varied widely depending on the deleted genes.
The reduction was most prominent in the DROSHA knockout cell line ( Fig. 2A, Left) . The vast majority of miRNAs (193 of 200, 96.5%) were practically eradicated in the knockout cells [median reduction, 0.00067-fold (knockout/parental)] (Fig. 2B and Fig. S2D ). The read counts of each miRNA species were normalized against that of miR-320a-3p whose production is independent of DROSHA ( Fig. 2B and Fig. S2D ) (22) normalization, a minute amount of canonical miRNA reads remained in DROSHA knockout library, which may be due to cross-contaminations between libraries, because the abundance ranks of canonical miRNAs in the DROSHA knockout are almost identical to those in parental cells (Fig. S2 ). In contrast, the ranks differ substantially in XPO5 and DICER knockout cells (Fig. S2) .
A small subset of miRNAs was apparently independent of DROSHA, which include previously reported noncanonical miRNAs: 5′ capped miRNAs (miR-320a-3p, miR-320b-3p, and miR-484-3p) and mirtron (miR-877-5p) (17, 22) . We also found some additional miRNAs that are insensitive to DROSHA ablation (discussed below).
Unlike in DROSHA knockout, we were surprised that a substantial amount of miRNAs were produced in XPO5 knockout ( Fig. 2A ). For normalization, we divided the sequencing read counts of each miRNA species by that of miR-320a-3p, which depends on XPO1 for its nuclear export instead of XPO5 ( Fig. 2C and Fig. S2E ). The majority of miRNAs (151 of 200, 75.5%) were reduced in abundance [≤0.5-fold (knockout/parental)], confirming the role of XPO5 as a miRNA biogenesis factor. However, the degree of reduction (median reduction, 0.23-fold) was distinctively modest compared with that of DROSHA knockout.
In the DICER-deficient cells, almost all miRNAs were markedly reduced in abundance (median reduction, 0.00058-fold) ( Fig. 2D and Fig. S2F ). In this analysis, we had to use the combined reads from rRNAs and tRNAs for normalization because a known DICERindependent miRNA, miR-451, is not expressed in HCT116 cells. So it should be noted that the fold changes may globally shift depending on normalization method. Intriguingly, the reads from the 3′ strand (3p miRNAs) decreased more severely in the knockout cells (median reduction, 0.00009-fold) than those from the 5′ strand (5p miRNAs) (median reduction, 0.0041-fold) ( Fig. 2D and Fig. S2F ).
In summary, although DROSHA, XPO5, and DICER are indeed required for miRNA biogenesis, each factor contributes
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differently to miRNA production (Fig. 2E) . Canonical miRNA biogenesis was abolished in the DROSHA knockout cells. In contrast, many miRNAs were produced in the absence of XPO5. DICER is critical for most miRNAs, but the 5p miRNAs appear to be produced to some extent even without DICER. Thus, DROSHA may be the only essential factor for the canonical miRNA pathway, at least in this cell type.
miRNA Expression in the DROSHA Knockout Cells. To validate the sequencing data, we performed Northern blot analysis on two canonical miRNAs, miR-16-5p and miR-21-5p, that are abundant in parental cells (Fig. 3A) . These miRNAs were undetectable in the DROSHA knockout cells. Thus, canonical miRNAs are strictly dependent on DROSHA. Unlike the canonical ones, miR-320a-3p and miR-484-3p were detected readily by Northern blotting in the DROSHA knockout cells (Fig. 3A) , consistent with the previous finding (22) . Notably, the levels of miR-320a-3p and miR-484-3p increased reproducibly in the absence of canonical miRNAs. This result suggests that small RNAs may compete against each other for biogenesis factors and/or AGOs.
In addition to miR-320 and miR-484, we found several other miRNAs that are independent of DROSHA: miR-7706, miR-3615, and miR-1254 (Figs. 2B and 3B and Fig. S2D ). To understand how these miRNAs are generated without DROSHA, we examined the genomic distribution of sequencing reads together with transcriptomic data from public databases. At the mir-7706 locus (Fig. 3C) , we did not find any small RNA read corresponding to the 5p arm. Assuming that the precursor miRNA has a 2-nt overhang at its 3′ end, we predicted the structure of pre-miR-7706 (Fig. 3C, Right) . When we mapped this precursor sequence to the genome, the expected 5′ end of pre-miR-7706 matched exactly the start site of the AKAP13 isoform BP871581. Although the reference sequence (RefSeq, NM_007200) starts 13 nt downstream, the 5′ end of the isoform BP871581 is supported by the transcription initiation site determined by cap analysis gene expression (CAGE) (30) , indicating that transcription is indeed initiated at the 5′ end of pre-miR-7706 (Fig. 3C ). These observations suggest that pre-miR-7706 is generated directly by transcription and does not require DROSHA. Thus, it is likely that miR-7706 is a previously unidentified member of the 5′ capped pre-miRNA family.
Similarly, we did not detect any 5p miRNA reads from the mir-3615 locus. The 5′ end of the predicted precursor maps to the 5′ end of SLC9A3R1 (AK026581) and that of the CAGE signals, indicating that the precursor is generated by transcription rather than from DROSHA-mediated processing (Fig. 3D) . Thus, miR-3615 may also belong to the 5′ capped pre-miRNA family. It is intriguing that the same promoter is used for both miRNA and protein genes. These two uses must be mutually exclusive such that transcriptional termination will result in miRNA production, whereas transcriptional elongation will generate a hairpin RNA with an ORF in the 3′ tail, which is too long for DICER to process. It will be interesting to investigate the functional relationship between the miRNAs and their overlapping proteincoding genes.
As for miR-484, the CAGE signal was observed downstream of its host gene NDE1 (NM_001143979) and exactly matched the 5′ end of another isoform of NDE1 (NM_017668) (Fig. S3A) . This data implies that two independent promoters are used to produce pre-miR-484 and the NDE1 mRNA separately. The miR-320 family miRNAs do not seem to overlap with the downstream protein coding gene.
miR-1254-5p is another noncanonical miRNA that is not affected substantially by DROSHA knockout but is dependent strictly on DICER. miR-1254 is produced from an intron of protein coding gene, CCAR1. The genomic location of mir-1254-1 overlaps with that of an Alu, a type of short interspersed nuclear elements (SINEs), and belongs to the AluJr subgroup (Fig. S3B) . Unlike the other Alu subtypes, this Alu sequence can form a stable hairpin. Our results suggest that the hairpin may be cleaved by DICER, yielding a kind of a DROSHA-independent, DICERdependent endogenous siRNA (31). The change in expression level after XPO5 knockout was compared between the miRNAs from 5p and 3p strands. Only the reads with perfect match to miRNA sequences were selected for analysis. P value was calculated by two-sided Wilcoxon rank-sum test. (D) The change in length after XPO5 knockout was compared between the miRNAs from 5p and 3p strands. P value was calculated by two-sided Wilcoxon rank-sum test. (E) The proportion change in miRNAs that are trimmed or added after XPO5 knockout was analyzed at each end of the miRNA sequences. The proportions of miRNAs with sizes less than those of reference sequences were analyzed using the sequencing data from parental cells and XPO5 knockout cells, respectively, and their differences were calculated to be used as the change in "Trimmed" proportion. For the analysis of 5′ end, only the miRNA reads whose 3′ end coincides with the 3′ end of reference sequence were used, and vice versa. The same analysis was applied to calculate the proportion change of "Added" miRNA except that longer sequences than reference sequence were collected for the analysis. P value was calculated by two-sided Wilcoxon rank-sum test.
Generation of miRNAs in the XPO5 Knockout Cells. We next examined the XPO5 knockout cells by Northern blot analysis. Validating the sequencing data ( Fig. 2C and Fig. S2E ), miRNAs were reduced in abundance but still readily detectable in the knockout (Fig. 4A) . To examine the intracellular distribution of pre-miRNAs, we performed subcellular fractionation and Northern blotting (Fig. 4B ). The nuclear pre-miRNA level increased in the knockout cells, as expected for the established function of XPO5 (Fig. 4B) . However, pre-miRNAs, particularly pre-miR-16, were readily detected in the cytoplasm of the knockout cells (Fig.  4B ). This result suggests that although XPO5 indeed mediates pre-miRNA export, alternative pathway(s) may exist to translocate some pre-miRNAs. Note that the mature miRNAs are markedly decreased in the cytoplasm of XPO5 knockout cells, whereas the nuclear accumulation of pre-miRNAs is less prominent, as previously observed (7) (Fig. 4B) . It is plausible that premiRNA is less stable than mature miRNA which is loaded and protected by AGO proteins. A possibility to consider is that pre-miRNAs simply diffuse during mitosis when nuclear membrane disintegrates. Arguing against this possibility, however, the knockout effect varied widely among miRNAs: miR-16-5p and miR-10b-5p were affected more modestly than miR-10a-5p, miR-21-5p, and miR181a-5p. Thus, simple diffusion is unlikely to explain the effective maturation of selective miRNAs in the XPO5 knockout cells. We do not exclude the possibility that some of the nuclear retained pre-miRNAs are slowly processed by nuclear DICER, given that DICER is detected in the nucleus albeit at a lower level than that in the cytoplasm (32, 33) . Moreover, some primiRNAs may escape nuclear processing and get processed by the cytoplasmic Microprocessor. Although all of these alternative scenarios are expected to be of low efficiency, their additive actions may complement the loss of XPO5.
Intriguingly, the 5p and 3p miRNAs are affected differently by the XPO5 deletion. Their abundance was reduced to a comparable extent (Figs. 2C and 4C and Fig. S2E ). However, we noticed that the 3p miRNAs were selectively shortened in the XPO5 knockout cells (Fig. 4D) . The shortening occurs mainly at the 3′ end of 3p miRNAs (Fig. 4E) , suggesting that the 3′ ends of pre-miRNAs may be trimmed by nuclear 3′-5′ exoribonuclease (s) when pre-miRNA export is delayed. It is also possible that the XPO5 binds and protects the 3′ ends of 3p miRNAs from the degradation (7). Despite the 3′ shortening, the DICER cleavage site (which is reflected by the 5′ end of the 3p miRNA) remains largely unaltered in the knockout (Fig. 4E) . This data is consistent with our previous finding that human DICER measures mainly from the 5′ end rather than the 3′ end of pre-miRNA to determine the cleavage site (34) . Given that the targeting specificity of miRNA is determined by the sequences at nucleotides 2-8 relative to the 5′ end of miRNA, it is unlikely that the shortening of the 3′ end of mature 3p miRNA changes their targeting specificity.
Direct AGO Loading of pre-miRNA in DICER-Deleted Cells. Northern blot analysis of miR-16-5p and miR-27a-3p confirmed a strong reduction of mature miRNAs and a concomitant accumulation of pre-miRNAs in DICER knockout cells (Fig. 5A) . Thus, DICER is indeed an important enzyme in miRNA biogenesis.
Interestingly, however, additional bands of ∼23-35 nt were visible when we probed the blot for miR-16-5p, but not in the case of miR-27a-3p (Fig. 5A ). This result is consistent with the sequencing data: the 5p miRNA species with a 3′ extension was often observed (Fig. S4A) . These unusually long miRNA species originate selectively from the 5′ strand, and have an extension at the 3′ end (Fig. 5B) . The extended sequences match the genomic sequences, indicating that these elongated miRNAs are generated from 3′-5′ trimming of pre-miRNAs rather than from nontemplated nucleotide addition (tailing) of mature miRNAs. When pre-miRNAs are trimmed in a 3′-5′ direction, only the 5p miRNAs can be produced, whereas the 3p miRNA sequences are chipped away. Consistent with this model, the abundance of the 3p miRNAs were more severely reduced than that of the 5p miRNAs (Fig. 5C) , and we could not detect any 3p miRNAs by Northern blotting (Fig. 5A) .
In addition, when we reanalyzed previously published sequencing data from Dicer knockout mouse sarcoma cell line (35), we made a similar observation: the 3p miRNAs were reduced more strongly in abundance than the 5p miRNAs were (Fig. 5 D and E) . Furthermore, the 5p miRNAs increased in size due to the 3′ extension in the null mutant cells (Fig. 5F ). We also observed a similar pattern in another published sequencing data from dicer knockout zebrafish embryo (24) (Fig. S4 B-D) . These data support our model and demonstrate the evolutionary conservation of the mechanism.
Previous studies have shown that some pre-miRNAs can be directly loaded onto AGO (36, 37) . In the case of miR-451, premiRNA is cleaved endonucleolytically by AGO and trimmed by PARN to yield miRNA of variable size (20-30 nt) (23) (24) (25) (26) . To examine if pre-miRNAs are directly loaded onto AGO in the knockout cells, we performed immunoprecipitation and Northern blotting (Fig. 5G) . Both pre-miR-16 and its fragments (23-30 nt) are associated with AGO (Fig. 5G) . This result confirms and extends the previous observations: when DICER processing is compromised, pre-miRNA can be directly loaded onto AGO, allowing selective maturation of the 5p miRNAs (Fig. 5H) . Given that most 5p miRNA species are detected in DICER-deficient cells, direct AGO loading may take place more widely than previously appreciated.
Discussion
Our current study provides valuable resources for miRNA research. By analyzing small RNA population in these knockout cells, we validate the current dogmatic model of canonical miRNA pathway. DROSHA and DICER ablation resulted in a depletion of 96.5% and 96% of detected miRNA species by ≤0.1-fold (knockout/parental), respectively (Fig. 2E) . We also confirmed the contribution of XPO5 to the majority of miRNAs: 75.5% of detected miRNA species were decreased by ≤0.5-fold.
It was surprising, however, that in XPO5 knockout the reduction was much more modest than expected: only 29% of miRNAs were decreased by ≤0.1-fold. Therefore, DROSHA and DICER are indeed critical for canonical miRNA biogenesis, whereas XPO5 is not an indispensable factor and may be replaced by other potentially multiple mechanisms. Thus, the requirement for XPO5 cannot be an effective classifier for miRNA.
To our knowledge, this is the first knockout study on XPO5. In a previous study where XPO5 was identified as a nuclear export factor of pre-miRNA, the conclusion was based on binding assays, knockdown experiments, and detection of let-7a-5p (9) . We found that let-7a-5p is one of the most sensitive miRNAs to XPO5 ablation [0.027-fold reduction (knockout/parental) (Dataset S1)]. In another study, the function of XPO5 was examined by measuring the level of ectopically expressed miRNA in the XPO5-knockdown cells (7) . Our current global analysis using XPO5 knockout cells confirms the involvement of XPO5 in the miRNA pathway, but at the same time, reveals that XPO5 is not an essential factor for miRNA biogenesis, at least in HCT116 cells. It was recently reported that a genetic defect in XPO5 reduces the production of mature miRNAs (38) . A heterozygotic mutation results in a C-terminal truncation of XPO5 protein in a subset of cancer cell lines. By reanalyzing the microarray data from that study, however, we found that considerable amounts of miRNAs were still expressed in cells with the XPO5 truncation (38) . Thus, the truncating mutation may have a limited effect on miRNAs, although the modest reduction may still be sufficient to influence cancer physiology.
Based on the results from this and previous studies, we can categorize miRNAs into six groups (Fig. 6, modified from ref. 1) . Most miRNAs are classified as group 1 miRNAs, which require both DROSHA and DICER for their biogenesis. On the other hand, additional processing steps or a modified biogenesis pathway is used for other noncanonical miRNAs (groups 2 through 6). The production of group 2 miRNAs requires monouridylation of premiRNAs for their efficient processing by DICER, because these pre-miRNAs have a short (1 nt) 3′ overhang (39) . Most vertebrate let-7 members and miR-105 belong to group 2. Group 3 miRNAs are derived from the 5′ capped pre-miRNAs that do not require DROSHA for their production (22) . In the current study, we identify two additional noncanonical miRNAs that may belong to group 3 (miR-3615 and miR-7706). Their sequences are conserved only in primates, suggesting that these miRNAs may have evolved recently. Group 4 includes miR-451a, a short hairpin miRNA that does not require a DICER cleavage step during its biogenesis (23) (24) (25) . Group 5 is composed of mirtrons that are produced from spliced-out intron, instead of DROSHA-mediated processing (17) (18) (19) . Finally, miRNAs that are processed from structured noncoding RNAs by DICER can be categorized as group 6 miRNAs (1). Our data suggest that miR-1254-5p may belong to group 6, as it appears to be produced from Alu-derived long stem-loop and directly cleaved by DICER. Consistent with previous reports, the noncanonical miRNAs of groups 3-6 found in this study are generally low in abundance and poorly conserved, except for the miR-320 family (conserved in vertebrates) and miR-484 (conserved in mammals).
Materials and Methods
Knockout Procedure. The colorectal cancer cell line, HCT116, was maintained with McCoy's 5A media supplemented with 10% FBS (WelGene). The TALEN and Cas9 constructs were synthesized by ToolGen Inc. as described previously (40) . The DNA binding sequences of TALEN constructs and guide RNA sequences are shown in Fig. 1B . The knockout and screening were performed by ToolGen, and overall procedures were described (41) . We used a reporter construct harboring the recognition sequence of TALEN or guide RNA to enrich the cells with DNA mutation as shown in a previous report (42) .
Small RNA Sequencing and Analysis. TruSeq Small RNA Sample Prep Kit (Illumina) was used for the preparation of the small RNA sequencing library. In brief, 10 μg of total RNA from parental and knockout cells was extracted with TRIzol reagent (Life Technologies) and size-separated on a 15% ureapolyacrylamide gel. The region of the gel containing RNA with the size from 17 to 30 nucleotides was excised and eluted for adaptor ligation at both 5′ and 3′ ends. The ligated RNAs were reverse-transcribed with SuperScript III (Life Technologies) reverse transcriptase and amplified using Phusion HighFidelity DNA polymerase (Thermo Scientific). The final products were sequenced by MiSeq system (Illumina). FASTQ sequences produced from the sequencer were aligned to the human reference genome (GRCh38) by Bowtie2 (43) . By comparing with genomic coordinates of miRNAs (obtained from mirbase.org), miRNA reads were chosen. For those miRNAs whose strand information (that is, 5p or 3p) is not annotated into their mature miRNA names, we manually examined the secondary structure of pre-miRNAs, and annotated their strand information. Only the reads that matched perfectly with miRNA sequences were selected for further analyses. To normalize miRNA reads, the read of miR-320a-3p was used for DROSHA and XPO5 knockouts. In the case of DICER knockout, the combined reads from rRNAs and tRNAs were used for the normalization. The proportions of combined reads of rRNAs and tRNAs among whole sequencing reads were 27.6% for no. 43 clone and 27.2% for no. 45 clone, respectively, suggesting the degree of spontaneous contamination was reproducible.
To calculate the fold change of miRNA levels in Dataset S1, Figs. 4C, and 5C, the top 200 miRNAs based on their sequencing reads in parental cells were selected. For the analysis of XPO5 or DICER knockout cells, the miRNA reads between two knockout libraries were averaged, respectively, and the fold change of miRNAs between parental and knockout cells was calculated. To analyze the size change of miRNAs in Figs. 4D and 5B, we filtered out the miRNAs with read numbers in the parental library less than 10, and calculated average size of the reads aligned into the same miRNA locus in each of parental or knockout library. The miRNAs with a size difference between the two knockout libraries greater than 0.5 nucleotides were discarded. After averaging the size of each miRNA between two knockout libraries, the size change between parental and knockout library were calculated. To analyze the change in proportion of trimmed or added reads at each ends of miRNAs in Fig. 4E , we calculated the ratios of miRNAs with the size shorter and longer than the reference sequence and designated them as 'trimmed' and 'added' ratios, respectively. The difference in the ratios between parental and each of two knockout libraries was calculated and averaged. Note that miR-7974-3p was not included in the analysis of top 200 miRNAs because it was not affected substantially in any of the knockout cell lines. Given that miR-7974-3p is not conserved beyond primates and that the hairpin structure is not stable, this RNA is unlikely to be a miRNA and need to be excluded from the miRNA database.
Northern Blot. Total RNA was separated on a 15% urea-polyacrylamide gel, and then transferred to a Hybond-NX membrane (Amersham). The membrane was cross-linked chemically with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (44) and hybridized with a 5′ end-labeled-oligonucleotide probe that has a complementary sequence against each miRNA. The radioactive signals were analyzed using a BAS-2500 (Fujifilm).
Nuclear-Cytoplasmic Fractionation. To fractionate cell lysate into nuclear and cytoplasmic pools, we collected the cells and treated them with hypotonic buffer [Buffer A; 10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 1 mM DTT]. After 25 min of incubation in ice, Nonidet P-40 was added to a final concentration of 0.25% and incubated for an additional 2 min. After spin-down, the pellet was used for the nuclear fraction whereas the supernatant was used for the cytoplasmic fraction.
AGO Immunoprecipitation. After sonication of parental and DICER knockout cells in a buffer solution with 150 mM KCl, 20 mM Tris·HCl at pH 8.0, and 0.2 mM EDTA, the supernatant was collected by centrifugation at full speed. After measuring the concentration of protein, 200 μg of protein extract was used for RNA extraction and designated as input. To immunoprecipitate AGO-miRNA complexes, 2.4 mg of protein was incubated with pan-AGO antibody (2A8, a kind gift from Dr. Z. Mourelatos, University of Pennsylvania School of Medicine, Philadelphia) for 3 h, and then protein G beads were added for additional 1 h of incubation. The beads were washed four times and TRIzol was directly added to the beads for RNA extraction from AGO proteins.
